The experimental observation of gap solitons in nonlinear grating structures has thus far been held back by the large required incident power. We show that this requirement is reduced considerably if the grating is nonuniform.
Theoretical studies of the properties of nonlinear grating structures'- 3 have predicted the existence of gap solitons in these media. Recent experiments by Sankey et al. 4 confirm some of these predictions; in particular, they observe all-optical switching behavior' in silicon waveguide structures. The switching occurs between a low-transmissivity state, in which the structure essentially behaves as if it were linear, and a strongly nonlinear hightransmissivity state, in which a gap soliton is present. In these experiments use is made of the nonlinearity owing to the free carriers that are created by the light. Because the size of this nonlinearity is large (of the order of -10-14 m 2 /W), Sankey et al. 4 were not limited in their experiments by the available optical power. However, because free carriers are involved, the decay of the nonlinearity is of the order of nanoseconds. Because this is of the same order as the pulse width, some effects predicted theoretically for an instantaneous Kerr medium cannot be confirmed by using this geometry. In other possible experiments use would be made of the electronic nonlinearity in semiconductors. 5 Though such nonlinearities have a femtosecond response time, they are also much smaller than those that are due to free carriers, typically by more than 3 orders of magnitude. If use is made of such nonlinearities, then the externally available power does become the overriding issue, and it is therefore crucial to design the structure so as to minimize input power requirements. The generation of gap solitons requires a powerful external source because their frequency content is close to the Bragg frequency of the grating. At low intensities, therefore, the radiation is strongly reflected. To launch a gap soliton, the external power must be sufficiently strong to weaken this reflection. The strong reflection in the linear limit can also be interpreted as resulting from a large impedance mismatch between the incoming medium and the periodic structure. Such problems are common in, for example, thin-film optics, 6 and it is well known that the inclusion of a suitably chosen buffer layer can change the characteristics dramatically. Indeed, one of us has shown earlier that the inclusion of a buffer layer can lower the threshold for gap soliton formation. 7 However, the refractive index of such a layer must often differ substantially from that of the average refractive index of the grating, and layers with such different indices may not be easy to apply. Haus' has recently proposed using a second grating to improve the impedance matching, and thus to facilitate soliton launching. While his approach appears most applicable to solitons constructed from frequencies outside the photonic band gap, our interest is in launching the more distinctly nonlinear fields with center frequencies inside the gap.
Impedance matching can also be obtained by making the grating nonuniform by applying, for example, a taper or a chirp. Here we describe a procedure to select an appropriate nonuniformity for the task at hand. To choose a nonuniformity, it is crucial to realize that one desires the largest possible energy density inside the structure when an external pulse is incident. We take the field in the leading edge of the pulse to vary as exp(-iwot). Here wc 0 is a complex frequency, with an imaginary part corresponding to the growth rate of the pulse. Certainly the total energy inside the grating is largest if no light is reflected; hence we must require r(wo) = 0, (1) where r(wo) is the linear amplitude reflection coefficient of the structure. That is, we search for the zeros of the reflectivity in the complex frequency plane. This is a linear analysis, but the philosophy is that if we can couple enough light into the structure in the linear regime, it will have the opportunity to organize into a gap soliton as the intensity increases. It is well known that for uniform gratings Eq. (1) is satisfied for a discrete set of real frequencies outside the photonic band gap, located symmetrically around the Bragg frequency. 9 For nonuniform gratings these zeros, in general, shift into the complex plane. We now select the grating nonuniformity such that we obtain a zero with a real part corresponding to the desired center frequency of the pulse. Since it is the aim to launch a gap soliton into the structure, this frequency is to be chosen inside the photonic band gap. The imaginary part of the position of the zero is chosen to correspond to the rise time of the pulse, and is thus associated with the pulse length. To ensure that (almost) the entire frequency content of the pulse is inside the photonic band gap, we cannot choose this pulse length to be too short.
For the example presented here we consider a GaAs-GaAlAs waveguide grating. 5 Outside the tapered region it consists of uniform layers of GaAs and GaAlAs, with nf( 2 ) = 2 X 10-18 m 2 /W, and with compositions such that the refractive indices are 3.11 and 3.14. The incoming light is taken to be at a vacuum wavelength A = 1.685 ,m, so that K = 36/mm. Further, the length of the system is taken to be 2 mm, so that the total grating strength KL = 72 in the absence of the taper. The taper is chosen such that in the first 210 Am of the grating the index contrast increases linearly between 88% of its maximum value, at the front of the grating, to its full value. This taper ensures that the position of a zero of the reflectivity is located at the complex detuning a = KC (0.9934 + 0.0057i), n the light leaves the grating and does not reflect off the rear interface back into the structure. To calculate the full nonlinear response of the tapered structure we use the coupled-mode theory. 10 We solve the coupled-mode equations numerically using an algorithm described previously in detail." Figure 1 shows the response of the structure to a lowintensity incoming pulse with parameters to match the zero of the reflectivity. It is clear that, as designed, the leading edge of the pulse is not reflected. But close to the pulse maximum, where the leading edge flattens out, the reflectivity rises to peak about 80 ps after the peak of the incoming pulse. Since there are no losses, and almost the entire frequency content of the incoming pulse is within the gap, over 99% of the incoming light is reflected, whereas only a small fraction is transmitted. Figure 2 shows the response of the structure to a similarly shaped pulse as that in Fig. 1 , but with a peak power of almost 1 GW/cm 2 . Note the difference from Fig. 1 , which is due to the nonlinearity. It is clear that now a large fraction of the incoming energy is transmitted through the system, leading to a sharp spike and indicating that a gap soliton has formed inside the structure. Note further that the spike emerges with a delay of -200 ps. This time delay is -10 times longer than the time that would be required to transverse the system in the absence of the grating and the nonlinearity. It is due to the time required to form a soliton and to the slow propagation speed of the gap soliton through the system, which in this case is approximately 0.09c/ni. A detailed understanding of the soliton formation is still lacking; recent research by Aceves et al. 1 2 on the modulational instability of the nonlinear coupled-mode equations indicates the complexity of the problem. Nonetheless, our numerical simulation indicates that the energy coupled into the grating does coalesce into a soliton, and though the external power required for the formation of a gap soliton is still large, it is
where c is the speed of light and 7i is the average refractive index. Since the bands start at 8 = ±KC/n, this detuning represents a frequency just inside the photonic band gap. The numerical procedure used to determine the position of the zero is not described here. If the pulse is taken to have a hyperbolicsecant shape, the imaginary part of the detuning in Eq. (2) leads to a FWHM of 89 ps. Actually, the structure considered here is tapered in the same manner at the front and at the back. The latter taper is introduced to improve the matching between the grating and the final medium and ensures that Fig. 3 . Energy density inside the structure during the leading edge of the incident pulse. Clearly, a resonance is set up with a peak intensity that is more than a factor of 10 higher than the external intensity.
approximately a factor of 5 smaller than the peak power that would be required in the absence of the tapers.
To understand why our approach works we refer to Fig. 3 , which shows the distribution of the energy density inside the structure during the leading edge of the pulse in the linear limit. Clearly, a resonance is set up, with a peak intensity that is more than a factor of 10 higher than the external energy, leading to a lower threshold for gap soliton formation. We now also see the trade-off associated with the imaginary part of coo. If it were larger, say, then the incoming pulse could be shorter. But the resonance would also be weaker, requiring a larger external peak intensity.
In summary, we have shown that by careful adjustment of a grating structure the threshold for gap soliton formation may be reduced considerably. By considering different or more general nonunformities it may be possible to reduce the required external power even more. Though the procedure was illustrated for a semiconductor waveguide, it holds equally well for fibers or any other grating geometry. Of course the taper here is one of many possible grating nonuniformities. Other options include chirps and localized defects. At any rate, Fig. 1 , showing the response of the structure in the linear limit, illustrates the required behavior of the system; i.e., because no light is reflected during the leading edge of the pulse, the time delay between the incoming and reflected pulse in this limit must be large. We therefore seek structures with a large Goos-Hdnschen shift. It is well known that this requires the derivative 4/Owao, where 40 is the phase of the amplitude reflection, to be large. 9 Indeed it is easy to see that this is satisfied at (real) frequencies close to a zero located just off the real axis in the complex frequency plane.
